I. INTRODUCTION

S
EMICONDUCTING magnetic oxides gained large momentum in fundamental research for new spintronic devices [1] - [4] . This was motivated by the theoretically predicted ferromagnetism at room temperature in Mn-alloyed ZnO (ZnMnO) [1] . So far, large positive magnetoresistance (MR) has been observed in paramagnetic ZnMnO and Co-alloyed ZnO (ZnCoO) films below 50 K. The positive MR in paramagnetic ZnMnO and ZnCoO has been attributed to the quantum correction of s-d spin splitting on the disordermodified electron-electron interaction [5] if the charge carrier concentration (n) is below the metal-insulator transition [2] , [6] . As recently shown by Tian et al. [7] , the different mobilities and conductivities in the spin-splitted conduction band of ZnCoO can be modeled using a semiempirical model. During the preparation of paramagnetic ZnMnO and ZnCoO films, the formation of ferromagnetic secondary phases has to be prevented [8] , [9] .
In this letter, we optimized a metal-semiconductor fieldeffect transistor (MESFET) with a ZnCoO channel for a work- II. PROPERTIES OF ZnCOO The ZnCoO layers have been grown by pulsed laser deposition (PLD) with a KrF-excimer laser and pulse energy of 1.6 J· cm −2 from a ceramic target containing nominal 5 at.% Co on c-plane sapphire substrates that were oxygen annealed at 1050°C for 1 h. The substrate temperature and oxygen partial pressure during PLD growth have been set to 550°C and 6.5 · 10 −3 mbar, respectively. Optical lithography and wet chemical etching with Fe 3 Cl · 6H 2 O have been used to structure the transistor with a channel width of 400 μm and channel length of 100 μm. For the Ohmic source and drain contacts, Ti/Au pads are used. To form a Schottky barrier, an Au/Ag x O gate electrode was deposited by sputtering. Finally, an Al 2 O 3 passivation layer has been grown by PLD. A top view of the resulting MESFET layout is shown in Fig. 1 Transport measurements have been performed on unstructured ZnCoO films in Van-der-Pauw and Hall bar geometry through temperature-dependent sheet resistance and Hall effect measurements. For the interpretation of the MESFET characteristics, the charge carrier concentration n and mobility μ are key parameters. At 300 K, we extracted n = 6 · 10 17 cm −3 and μ = 0.7 cm 2 /(V · s). With decreasing temperature, the sheet resistance increases by three orders of magnitude. The resistance follows Mott's law (R = R 0 · exp[(T 0 /T ) 1/4 ]) < 100 K. This indicates variable range hopping (VRH) as the dominant electric transport mechanism in the limit of a constant density of states across the Fermi level [10] .
Because of s-d exchange [2] , a large positive MR is observed below 50 K. At 6 T, the positive MR amounts to 1% at 50 K and increases to 10% at 30 K.
III. MESFET IN A MAGNETIC FIELD
In the following, the characteristics of the MESFET device will be presented. First, we have evaluated the rectifying properties of the gate contact and performed I-V measurements between the source and gate electrode under dark conditions at different temperatures (not shown). The relative permittivity ε r of ZnCoO is needed for the calculation of the depletion layer W in the ZnCoO channel as a function of the gate voltage V G [11] . It increases with the Co concentration from 8.75 (0 at.% Co) to 25 (5 at.% Co) [12] , [13] .
The MESFET with unmagnetized ZnCoO channel can be switched between the ON and OFF state at a gate voltage of V G = +1 V and V G = −3 V, respectively. In the OFF state, W has to be larger than the channel thickness. At 300 K, n is large and the calculated W amounts to 118 nm and is larger than the ZnCoO channel thickness (74 nm). The charge carrier density decreases with temperature to 1.8 · 10 16 cm −3 at 50 K. This correlates with an increased depletion layer width of 680 nm at 50 K.
The effective W value can be reduced, e.g., because of a degraded metal-semiconductor interlayer quality. As a consequence, the channel cannot be closed and ON/OFF ratio at 300 K is only 19.6 μA/3.73 μA = 5.25 (for V SD = 8 V). In Fig. 2 , the output characteristics of the MESFET that has been optimized for a working temperature < 50 K are presented before and after applying a magnetic field of +1.8 T. After cooling down to 50 K, the ON/OFF ratio is improved to 51.08 [ Fig. 2(a) ] as intended. W further increases with decreasing temperature because n decreases from 1.8· 10 16 cm −3 at 50 K to 3.4 10 15 cm −3 at 30 K. After applying a magnetic field, the MESFET transfer functions are downshifted and the current in the channel is reduced by one order of magnitude [ Fig. 2(b) ]. Therefore, the magnetic field switches the MESFET from a low resistance state (LRS) into a HRS that is a new degree of freedom compared with state of the art MESFETs. With applied magnetic field, the ON/OFF ratio only slightly changes (Table. I ) that indicates the same reduction of the source-drain current I SD in the ON and OFF state. Additionally, the threshold voltage [14] shifts from V G = −3.0 V to V G = −2.6 V if the ZnCoO channel is in the LRS and in the HRS, respectively. For a magnetized ZnCoO channel, a small reduction of the channel current I SD in the order of the positive MR is expected. The channel current, however, decreases much more than expected. The main reason for that is the channel mobility µ channel of the charge carriers at 50 K that is reduced from 8.9 cm 2 /(V · s) for LRS to 0.28 cm 2 /(V · s) for HRS. Interestingly, after switching OFF the applied magnetic field, the channel current I SD remains small, which indicates that the HRS is persistent [ Fig. 2(c) ]. This might be attributed to the formation of stable bound magnetic polarons [15] , [16] in the depletion layer of the MESFET and to their parallel alignment and percolation after applying an external magnetic field. Large effective internal magnetic fields (well in excess of 10 T) have been reported for bound magnetic polarons in n-type conducting (Cd,Mn)Se at 2 K [17] . We expect that models on scattering effects in depleted diluted magnetic semiconductors have to incorporate the effect of the intrinsic magnetic field in percolating bound magnetic polarons on the transport properties of electrons in the VRH regime. Table I lists the channel mobility, subthreshold slope, and ON/OFF ratio at 5, 30, 50, and 300 K. To demonstrate that the HRS is metastable, the MESFET was heated up to 300 K and cooled down to 50 K again. This procedure results in MESFET characteristics as shown in Fig. 2(a) , i.e., the ZnCoO channel is in the LRS.
IV. CONCLUSION
PLD was used to fabricate MESFET structures for working temperatures < 50 K with a ZnCoO channel on c-plane sapphire substrates with a Co concentration of 5 at.% and a free charge carrier concentration below the metal-insulator transition of ZnO. The undepleted ZnCoO reference films reveal a positive MR because of s-d exchange interaction effects as expected. We have shown that below 50 K, the MESFET can be switched from a LRS into HRS by applying an external magnetic field. After switching OFF the applied magnetic field, this HRS is persistent until the MESFET is heated up to 300 K. The observed persistent downshift of the transfer function in an external magnetic field is related with a decrease of the channel mobility below the Au/Ag x O gate contact and possibly due to the formation of percolating bound magnetic polarons in depleted ZnCoO. Further investigations will focus on the spin transport in locally depleted ZnCoO films with a single or with several rectifying gate contacts between two ferromagnetic electrodes. Such structures should be useful for nonvolatile spin valves.
